Mechanical and thermodynamic properties of Aβ 42 , Aβ 40 , and α-1 synuclein fibrils: A coarse-grained method to complement experimen-2 tal studies 3 Abstract 12 We perform molecular dynamics simulation on several relevant biological fibrils associated with 13 neurodegenerative diseases such as Aβ 40 , Aβ 42 , and α-synuclein systems to obtain a molecular un-14 derstanding and interpretation of nanomechanical characterization experiments. The computational 15 method is versatile and addresses a new subarea within the mechanical characterization of hetero-16 geneous soft materials. We investigate both the elastic and thermodynamic properties of the biolog-17 ical fibrils in order to substantiate experimental nanomechanical characterization techniques that 18 are quickly developing and reaching dynamic imaging with video rate capabilities. The computa-19 tional method qualitatively reproduces results of experiments with biological fibrils, validating its 20 use in extrapolation to macroscopic material properties. Our computational techniques can be used 21 for the co-design of new experiments aiming to unveil nanomechanical properties of biological fib-22 rils from a molecular understanding point of view. Our approach allows a comparison of diverse 23 elastic properties based on different deformation , i.e. tensile (Y L ), shear (S), and indentation (Y T ).
Introduction 45
All-atom molecular dynamics (MD) simulation has been employed to study the physical and chem-46 ical behaviour of the fundamental biomolecules of life (e.g. proteins [1] , nucleic acids [2] and lipids [3] ). To this end, lipid membranes, viral capsids, and biological fibrils are common exam-In the next section, we present details about our methodology. Then, we present our results and analysis, and in the last section we summarise our conclusions.
Materials and Methods

136
To realise our studies, we have chosen three different Aβ 40 fibrils with PDB ids: 2LMO[39] , 137 2M4J[40] and 2MVX [41] and two Aβ 42 with PDB ids: 5OQV [42] , and 2NAO [43] . The only avail-138 able structure for α-syn is the one with PDB id: 2N0A [44] . 139 The coarse-grained model 140 In our CG model, each amino acid is represented by a bead located at the C α -atom position. The 141 potential energy between beads reads:
(1) 145 The first three terms on the right hand side of Eq.(1) correspond to the harmonic pseudo-bond, 146 bond angle and dihedral potentials. The values of the elastic constants is, K r = 100 kcal/mol/Å 2 , 147 K θ = 45 kcal/mol/rad 2 and K φ = 5.0 kcal/mol/rad 2 , which were derived from all-atom 148 simulation [45] . The choice of equilibrium values r 0 , θ 0 , and φ 0 are based on two, three, and four 149 α-C atoms, respectively, and are meant to favour the native geometry. The fourth term on the 150 right-hand side of Eq.(1) takes into account the non-bonded contact interactions, described by the 151 Lennard-Jones (LJ) potential. Here, we take ε ij to be uniform and equal to ε = 1.5 kcal/mol, which 152 is also derived by all-atom simulation [45] . Our approach has shown very good agreement with 153 experimental data on stretching [46, 47] parameters σ ij are given by r ij0 /2 1/6 , where r ij0 is the distance between two C α atoms that form the 164 native contact. The last term in Eq.(1) simply describes the repulsion between non-native contacts.
165
Here, we take r cut = 4 Å. Moreover, our terminology for the 'contacts' in this manuscript, is as fol-166 lows: i) intrachain contacts are considered those within a single chain, ii) interchain contacts are 167 between two chains in a side-by-side configuration and iii) the intersheet contacts are found along 168 the symmetry axis (see Fig. 2 ). Below, we provide details on the different types of mechanical de-169 formation, i.e. tensile, shear, and indentation processes.
170
Mechanical and thermodynamics characterization through a CG model
171
In our previous work [36], we have constructed a computational protocol for performing several 172 types of mechanical deformation in silico (see Fig. 3 ). Such processes can be carried out at con-173 stant speed or force contact-modes. Here, we explore the former as it provides a dynamic picture 174 of the whole process and it enables the characterisation of the mechanics during the early deforma-175 tion stages. Moreover, we employ the CG simulation for the validation of the elastic theory. This is 176 done by calculating the coefficient "n" in the force versus h n indentation curves. In particular, we 177 found n = 3/2 in the linear regime, which corresponds to the Hertzian theory [12] .
178
Tensile deformation
179
The exerimental calculation of the stress-strain data in the nanoscale can be done by optical tweez- but it still relies on the correct estimation of fibril diameter. As above, here CG model helps to de-205 vise a protocol where simple shear planes can be applied on a set of atoms and typical response 206 allows in a straightforward manner the calculation of S. In this case, we only couple the C α -atom 207 from the top (k top ) and the bottom (k bottom ) planes. The strain is defined by φ = x/y, where x is the 208 displacement of the top plane and y is the height of the fibril (see Fig. 3 ). The shear-stress is calcu-209 lated as the total force acting on the top plane divided by the area of the plane (see in Table 1 the of the AFM cantilever. The latter is an assumption of the seminfinity half-space approximation.
219
Once the AFM data is obtained, it requires the interpretation by a contact theory. There is not any 220 experiment at the nanoscale where the influence of the indenter could be neglected. Depending on 221 the type of forces between the indenter and the biomaterial, we might describe the process by non-222 adhesive [12] or adhesive contact theories [58, 59] . Here, we suggest our particle-based CG method 223 as a tool to idealize the nanoindentation process. It is worth noting that we prevent any possible 224 adhesion between the indenter and the fibril by placing a divergent interaction between the tip and 225 the C α atom, and hence other models [58, 60] with such features are not considered. moreover we 226 chose the Young modulus of the indenter equal to ∞. Moreover, we define each system in the limit of the Hertzian theory [12] . The indenter is a sphere with a radius of curvature R ind that moves to-228 wards the fibril with a speed v ind . Then, the penetration or indentation depth (h) is measured from 229 the first tip-particle interaction (or contact) and the associated indentation force (F) is calculated 230 until the indenter stops being in contact with the fibril. From Hertz's relation,
where ν is the Poisson coefficient, in this case equal to 0.5. This value corresponds to a homoge- Our results for tensile deformation for all studied cases are illustrated in Fig. 4 . The initial length 256 (L 0 ) is measured after an equilibration of 100 τ. The cross-section area (A) for each system is mon-257 itored during the simulation and is shown as a function of strain in the insets of Fig. 4 . The devia-258 tions are small compared to the mean value, especially in the case of β -amyloid fibrils. Hence, we 259 calculated the stress using the average value of A. The values of the cross-section areas and the ini-260 tial length for each fibril are listed in Table 1 . The theoretical values of Y L have been obtained for 261 v pull = 0.0005 Å/τ as listed in Table 2 , next to the experimental values for the sake of comparison.
262
In our studies, the deformation is carried out along the main axis of symmetry (see Fig. 1 ) for Aβ 263 and α-syn fibrils. We find that the type of Aβ fibril plays a more important role in the mechanical intersheet) as defined in our CG model (Fig. 2) . We observe that the intersheet contacts become Our results for all systems are presented in Fig. 5 . The shear deformation for Aβ and α-syn fibrils 280 takes place along the same directions as in the case of tensile deformation (see Fig. 3 ). The ini-281 tial values of the top-plane areas for each fibril are listed in for Aβ 40 it is equal to 0.7 GPA. The 2.3-fold increase supports the picture that the Aβ 42 fibril is me- The bottom panels in Fig. 5 show the distributions of the characteristic native distances (see Fig. 2 298 for their definition). For β -amyloid and α-synuclein fibrils, the intersheet contacts become slightly 299 stretched, but the distances in the interchain contacts within each sheet are not affected in the case 300 of amyloids. The same analogy can be seen for the intrachain contacts in α-synuclein. This effect 301 helps the system to keep constant the thickness of the fibril, a condition for the calculation of shear 302 modulus in the linear regime.
303
Indentation deformation 304
Our results for all systems are presented in Fig. 6 . The indentational deformation for Aβ and α-syn 305 fibrils takes place in the normal direction the plane, z = 0 and at the position L = 1/2L 0 (see Fig. 3 ). 
The initial values of the fibril length for each fibril are listed in The β -strand segments in each system are highlighted in yellow.
